The rates of mineralization of nitrilotriacetic acid (NTA), 2,4-dichlorophenoxyacetic acid (2,4-D), pnitrophenol, aniline, and isopropyl N-phenylcarbamate (IPC) at one or more concentrations ranging from 100 pg/ml to 1.0 ,ug/ml were proportional to chemical concentrations in samples of three lakes. The rates at 100 pg of NTA, 2,4-D, p-nitrophenol, and aniline per ml in samples of one or more lakes were less than predicted, assuming the rates were linearly related to the concentration. Neither NTA nor 2,4-dichlorophenol at 2.0 ng/ml was mineralized in some lake waters, but higher levels of the two chemicals were converted to CO2 in samples of the same waters. In samples from two lakes, little or no mineralization of IPC or 2,4-D occurred at 1.0 ,ug/ml, but 10 ng/ml or lower levels of the herbicides were mineralized. The mineralization in sewage of 1.0 ,ug of NTA per ml was biphasic; about 20% of the substrate was mineralized in 20 h, and mineralization was only reinitiated after a period of 130 h. The biphasic transformation was not a result of the accumulation of organic products, and it was still evident if protozoan activity was inhibited. NTA also underwent a biphasic mineralization in lake waters, and the biphasic pattern was not altered by additions of growth factors and inorganic nutrients. From 40 to 60% of the carbon of aniline added to lake water at levels of 100 pg/ml to 1.0 ,ug/ml was mineralized, but more than 90% of the carbon of NTA, 2,4-D, or p-nitrophenol added to lake water at 10 ng/ml or 1.0 ,ug/ml was mineralized. The microbial communities of lake water acclimated to degrade IPC and p-nitrophenol even below the minimal concentration at which bacteria can use single carbon sources for growth. IPC at 400 pg/ml and 1.0 ng/ml and 2,4-D at 100 pg/ml, 10 ng/ml, and 1.0 ,ug/ml were not mineralized in waters from all lakes. We suggest that conclusions reached from tests of biodegradation at high concentrations of chemicals may not apply to the low levels found in many natural environments.
The rates of mineralization of nitrilotriacetic acid (NTA), 2,4-dichlorophenoxyacetic acid (2,4-D), pnitrophenol, aniline, and isopropyl N-phenylcarbamate (IPC) at one or more concentrations ranging from 100 pg/ml to 1.0 ,ug/ml were proportional to chemical concentrations in samples of three lakes. The rates at 100 pg of NTA, 2,4-D, p-nitrophenol, and aniline per ml in samples of one or more lakes were less than predicted, assuming the rates were linearly related to the concentration. Neither NTA nor 2,4-dichlorophenol at 2.0 ng/ml was mineralized in some lake waters, but higher levels of the two chemicals were converted to CO2 in samples of the same waters. In samples from two lakes, little or no mineralization of IPC or 2,4-D occurred at 1.0 ,ug/ml, but 10 ng/ml or lower levels of the herbicides were mineralized. The mineralization in sewage of 1.0 ,ug of NTA per ml was biphasic; about 20% of the substrate was mineralized in 20 h, and mineralization was only reinitiated after a period of 130 h. The biphasic transformation was not a result of the accumulation of organic products, and it was still evident if protozoan activity was inhibited. NTA also underwent a biphasic mineralization in lake waters, and the biphasic pattern was not altered by additions of growth factors and inorganic nutrients. From 40 to 60% of the carbon of aniline added to lake water at levels of 100 pg/ml to 1.0 ,ug/ml was mineralized, but more than 90% of the carbon of NTA, 2,4-D, or p-nitrophenol added to lake water at 10 ng/ml or 1.0 ,ug/ml was mineralized. The microbial communities of lake water acclimated to degrade IPC and p-nitrophenol even below the minimal concentration at which bacteria can use single carbon sources for growth. IPC at 400 pg/ml and 1.0 ng/ml and 2,4-D at 100 pg/ml, 10 ng/ml, and 1.0 ,ug/ml were not mineralized in waters from all lakes. We suggest that conclusions reached from tests of biodegradation at high concentrations of chemicals may not apply to the low levels found in many natural environments.
Many environments contain low concentrations of toxic chemicals. Soils that are treated with pesticides at rates up to a few kilograms per acre initially contain parts-per-million levels of the compound, but the concentration declines with time and distance from the site of application; moreover, breakdown products typically appear at levels much below that of the parent molecule. Fresh waters and marine waters receiving organic compounds from land runoff, inadequately treated wastes, or industrial effluents often have minute levels of these compounds; however, waters at a point remote from the point of original chemical introduction will only have trace amounts. Similarly, the levels of organic pollutants found in many groundwaters are extremely low. Moreover, the guidelines and standards for the quality of drinking water refer to acceptable levels that are frequently below 100 nglml.
Many of the organic pollutants present at low concentrations in soils, sediments, surface waters, and groundwaters are biodegradable at high levels, but few studies have been conducted of the microbial transformation of these chemicals at the concentrations characteristic of many natural ecosystems. The studies of low-level pollutants that have been carried out frequently give rise to findings that are unexpected based on investigations of higher levels of test substrates. For example, almost no mineralization of 2,4-dichlorophenoxyacetate (2,4-D) and 1-naphthyl-N-methylcarbamate occurs at concentrations below 1.0 ng/ml, al-though both pesticides are mineralized at higher concentrations (1). Likewise, marine bacteria fail to grow on low concentrations of substrates that support the proliferation of bacteria at higher levels (6) . Similarly, trace amounts of phthalate esters are not destroyed when passed through soils, even though the esters are usually readily biodegradable (5). Conversely, 2,4-D is mineralized at 10 ng/ml but not at 200 ng/ml, although the herbicide is not known to be toxic to heterotrophs at these concentrations (10) . The products of biodegradation may be different at low and high concentrations, and the biodegradation may shift from mineralization to cometabolism; thus, 400 pg of isopropyl N-phenylcarbamate (IPC) per ml is mineralized, but the chemical at 1.0 ,ug/ml is cometabolized in fresh waters (16) . The kinetics of the process may change also, as illustrated in the shift from logarithmic to Monod to logistic kinetics in the degradation of 10, 1.0, and 0.10 ,ug of benzoate per ml of acclimated sewage (13 (10) . In the present study, for example, the rate of mineralization was directly related to concentration in these instances: 10 ng and 1.0,ug of NTA per ml of Cayuga Lake water; 10 ng and 1.0 ,ug each of 2,4-D, p-nitrophenol, and aniline per ml of Beebe Lake water; 10 ng and 1.0 jig of aniline per ml of White Lake water; 400 pg and 10 ng of IPC per ml each of White Lake and Beebe Lake water; and 100 pg, 10 ng, and 1.0,ug of aniline per ml of Cayuga Lake water.
In contrast, the rate of mineralization of the following chemicals was less than would be predicted from tests of higher concentrations if it is assumed that the rates are directly proportional to the concentrations of the substrate: 1.0 ng of p-nitrophenol per ml of Beebe Lake water and 100-pg/ml concentrations each of 2,4-D in Beebe Lake water, NTA in Beebe Lake water, aniline in White Lake water, and p-nitrophenol in Beebe Lake, Cayuga Lake, and White Lake waters. This is illustrated for p-nitrophenol added to Beebe Lake water in Fig. 1 . Thus, when plotted as the percentage of substrate C remaining, the curves for 10 ng and 1.0 jig of p-nitrophenol per ml of Beebe Lake water are VOL. 51, 1986 on August 27, 2017 by guest http://aem.asm.org/ Downloaded from essentially superimposable, indicating that the rate is directly proportional to concentration. On the other hand, the plots for the percentages of substrate C left in lake water receiving 1.0 ng/ml and 100 pg/ml are displaced to the right and have lower slopes, showing that the actual rate is less than anticipated on the assumption that the rate is a linear function of initial p-nitrophenol level.
Extensive mineralization at only some concentrations. In some instances, mineralization was appreciable at the high but not at the low chemical concentrations. This was true, for example, of NTA added to water from Cayuga Lake. Thus, after approximately 1 week, extensive mineralization occurred if NTA was initially present at 10 ng/ml or 1.0 ,ug/ml (Fig. 2) . At 100 pg of NTA per ml, however, some mineralization occurred within the first 2 weeks, but even after 61 days, more than 80% of the added carbon remained.
Mineralization sometimes occurred in water receiving moderate but not low chemical concentrations. For example, mineralization of NTA was evident in Beebe Lake water receiving 1.0 jig of NTA per ml, but radioactivity was not lost from the solution in 48 days if the NTA was added at 2.0 ng/ml. Similarly, after a 12-day acclimation period, 200 ng of 2,4-dichlorophenol per ml was mineralized in White Lake water, and the process was largely completed in 16 days. However, in lake water amended with 2.0 ng of 2,4-dichlorophenol per ml, no mineralization occurred in 47 days.
Evidence also exists for the lack of mineralization or unexpectedly slow rates at moderate concentrations. IPC at initial concentrations of 400 pg/mIl and 10 ng/ml was mineralized in samples from White Lake (Fig. 3) . However, even after 60 days, little or no loss of labeled carbon was evident if IPC was added at 1.0 ,ug/ml. The same observations were made for IPC added to water from Beebe Lake. Similarly, 47 and 16% of the C from 2,4-D added to Beebe Lake water were mineralized in 28 days when the amounts added were 100 pg/ml and 10 ng/ml, respectively, but only 5% was converted to CO2 when added at 1.0 ,ug/ml.
Biphasic mineralization. The mineralization of NTA added to sewage at concentrations of 10 ng/ml or 1.0 ,ug/ml was biphasic (Fig. 4A ). At the higher NTA level, about 20% of the C was converted in the first 20 h to volatile products, and then no mineralization was detected in the pext 130 h. Thereafter, mineralization was reinitiated so that 96% of the C was mineralized in 8 days. At 10 ng/ml, mineralization never stopped, but two distinct phases of the degradation were still quite evident. The tests of the two concentrations were done with different samples of sewage collected at different times, so that the dissimilar patterns may be a function of the sewage sample and not the NTA level.
The biphasic pattern may result from protozoa reducing the size of the population initially active in destroying NTA, and the period during which mineralization was not detectable may reflect the time necessary for the survivors to multiply such that they could effect detectable mineralization. To test this hypothesis, sewage was amended with 2.0 ,ug of NTA per ml and 250 ,ug of cycloheximide per ml.
Additional increments of the eucaryotic inhibitor (250 jig/ml) were added after 7 and 14 days. Microscopic examination of the cycloheximide-amended sewage samples failed to reveal the presence of viable protozoa. Under these circumstances, the biphasic mineralization still occurred (Fig. 4B) . However, phase 2 chromatography of the antibiotic-free samples revealed no organic products from NTA, suggesting that the accumulation of products does not explain the biphasic pattern of mineralization. About 15% of the NTA C added to White Lake water at 1.0 ,ug/ml was mineralized in 1 day, but mineralization then ceased, only to begin again on day 7. The mineralization of 1.Q pug of NTA per ml was also biphasic in Beebe Lake water. In the first 2 to 3 days, about 15% of the C was mineralized, but then no mineralization was evident in the next 6 to 12 days. Thereafter, mineralization proceeded rapidly so that 90 to 95% of the carbon was mineralized within the next 4 days or so. The biphasic pattern of mineralization was not altered by the addition of 34 MgSO4, respectively, a mixture containing 0.1 mM CaCl2 and 0.4 mM MgSO4, 7.0 mM phosphate at pH 6.8, or a mixture of the phosphate with CaCl2 and MgSO4. These data suggest that the biphasic pattern is not related to the absence of growth factors. The pattern also was not altered if NTA was added 2 days after the incubation of Beebe Lake water began, when anomalies associated with placing the lake water in flasks may have occurred. Biphasic mineralization was unaltered if NTA was incubated for 2 days with 50 ml of filter-sterilized Beebe Lake water to allow for the possible formation of NTA-metal chelates before inoculating the flasks with 50 ml of nonsterile lake water. The pattern was likewise not affected if the lake water was passed through a 3.0-,um-pore polycarbonate filter (Nuclepore Corp., Pleasanton, Calif.) to remove most of the protozoa and particulate matter. Surprisingly, in Beebe Lake water that had been passed through the 3.0-,um-pore filter and had been amended with 250 jig of cycloheximide per ml, an initial phase of about 10% mineralization occurred in less than 5 days, but there was no further mineralization in a 28-day period.
At day 21, when more than 95% of the NTA that had been added to Beebe Lake water was mineralized, an addition of 1.0 ,ug of NTA per ml resulted in a mineralization that proceeded rapidly, without an acclimation period or biphasic pattern of destruction (Fig. 5) . If, however, the additional increment of NTA was accompanied by 200 ,ug of chloramphenicol per ml and 100 ,ug of penicillin per ml, only about 20% of the carbon was mineralized in 7 days (Fig. 5) .
Extent of mineralization. About 40 to 60% of the aniline C was mineralized when the chemical was added to waters from White Lake, Beebe Lake, and Cayuga Lake at levels of 100 pg/ml to 1.0 p,gIml. On the other hand, more than 90% of the C was mineralized when p-nitrophenol was added to Beebe Lake water (Fig. 1) , when NTA was added to Cayuga Lake water (Fig. 2) , or when 2,4-D was introduced into Beebe Lake water (data not shown) at 10 nglml or 1.0 ,ug/ml.
In the last instance, the incubation period was 21 days. The extent of mineralization sometimes varied markedly with the substrate concentration, however. Thus, only about 15% of the C in NTA added at 100 pg/ml to Cayuga Lake water was mineralized, whereas the value was more than 90% when the NTA level was 10 ng/ ml or 1.0 ,ug/ml (Fig. 2) . In White Lake water, in contrast, 97% of the NTA was mineralized at 1.0 ,ug/ml in 15 days, but the values were 19 and 20% in samples incubated for 33 days with 100 pglml and 10 ng/ml, respec-VOL. 51, 1986 on August 27, 2017 by guest http://aem.asm.org/ Downloaded from tively. This effect of concentration on the extent of mineralization was not restricted to NTA, moreover, because 59, 78, and 12% of the C of IPC added at levels of 400 pg/mI, 10 ng/ml, and 1.0 [.g/ml to Beebe Lake water was converted to CO2 in 49 days; 27, 27, and 81% of the C in carbaryl added at levels of 100 pg/ml, 10 nglml, and 1.0 F.g/ml was mineralized in Beebe Lake water in 18 days. In each instance, the mineralization had essentially stopped by the last sampling date.
Acclimation. Concentrations of 1.0 ,ug/ml are generally not deemed to be toxic for heterotrophic microorganisms. The data for IPC reported above, however, suggest that such levels either are toxic or cause a shift from mineralization to reactions not resulting in CO2 evolution. Similar corcentrations may increase the acclimation period. In the mineralization of p-nitrophenol in White Lake water, for example, appreciable mineralization began after 6 days at levels of 1.0 and 10 ng/ml, but about 15 days elapsed before appreciable loss of carbon occurred at a concentration of 1.0 ,ug/ml (Fig.   6 ).
Based on considerations of diffusion kinetics and demands for maintenance energy, it has been proposed that bacteria will not grow on organic substrates at concentrations of about or somewhat below 1.0 ng/ml (12) . This theoretical argument is supported by tests showing that Salmonella typhimurium will grow at glucose levels of 5.0 but not 1.0 ng/ml (11) . In instances in which acclimation in natural environments reflects the time for a small population to grow large enough to effect a detectable chemical change, such acclimation should not occur at concentrations of an organic nutrient below the threshold for growth if that compound is the sole carbon source for the organisms. Nevertheless, after the 9-day period during which no mineralization of 400 pg of IPC per ml was detected in White Lake water and after the 80- 12-day period during which no destruction of 100 pg of p-nitrophenol per ml was noted in Cayuga Lake water, active breakdown was initiated (Fig. 7) . Moreover, second additions of the chemicals at the same concentrations were destroyed with no apparent lag phase. Similar acclimation was noted in waters receiving 10 ng of each chemical per ml.
In some instances, mineralization occurred in waters receiving the chemical initially but not upon another addition of the same compound. In White Lake water amended with 1.0 ng of p-nitrophenol per ml, for example, mineralization was evident at 5 days, yet addition of another 1.0 ng/ml was not followed by mineralization in an 11-day period after extensive breakdown of the first chemical amendment (Fig.  8 ). At these low substrate levels, toxicity of a product of decomposition would not be expected.
Mineralization in only some lake waters. IPC at 400 pg/ml and 10 ng/ml was mineralized in waters from White and Beebe lakes, and 2,4-D at 100 pg/ml, 10 ng/ml, and 1.0 pLg/ml was mineralized in Beebe Lake water. Nevertheless Mineralization of (A) 400 pg of IPC per ml of White Lake water and of (B) 100 pg of p-nitrophenol per ml of Cayuga Lake water. An additional increment of chemical was added to each concentration at the times shown by the vertical curve segments.
kinetics (13) It is generally expected that the rate of biodegradation of substrates at low levels, e.g., below Ks, is directly related to the substrate concentration (8) . Evidence exists for a linear relationship between rates of mineralization and concentration of organic substrates added to fresh waters (2, 10) . However, the observations reported here (that low concentrations of organic compounds are mineralized at lower than predicted rates) are not unprecedented. Similarly, the failure to observe mineralization of 2.0 ng each of NTA and 2,4-dichlorophenol per ml of waters in which higher levels were mineralized is also not unprecedented. Thus, the rate of mineralization of 2,4-D and 1-naphthyl-N-methylcarbamate in stream water is less than predicted from a linear extrapolation from the rates at higher concentrations (1). Moreover, no growth of Escherichia coli occurred at 18 ng of glucose per ml (7) or of S. typhimurium at 1.0 ng of glucose per ml (11), although both bacterial species grow well at higher levels of the sugar.
Herbicides have not been described as being appreciably toxic to heterotrophic microorganisms at levels as low as 1.0 ,ug/ml. Nevertheless, neither IPC nor 2,4-D was mineralized at this concentration, yet both were destroyed at lower concentrations. The apparent suppression of the degradation of pesticides at levels of 1.0 ,ug/ml or lower has been noted heretofore (10, 16) , and data have been presented that the IPC at such levels is cometabolized rather than mineralized (16) .
The biphasic mineralization of NTA is surprising. A similar pattern has been reported for m-chlorobenzoate in sewage (3) . For NTA, the biphasic conversion apparently did not result from the accumulation of organic products in phase 1 and their mineralization in phase 2, because none was found by chromatographic analysis. It also was not a result of an initial mineralization by bacteria before the increase of protozoa in sewage reduced bacterial activity, and a subsequent period of mineralization when grazing by the protozoa subsequently became less pronounced.
Several studies have dealt with the extent of mineralization in natural waters. For example, 98% of the aniline added to lake water at 5.7 pg/ml was mineralized (15) , whereas 74 to 86% of the carbon from amino acids supplied at 10 to 50 nM was assimilated by marine bacteria (9) . The present study shows that the extent of mineralization may vary appreciably even in samples from a single body of water.
Theoretical arguments have been advanced that bacteria will not multiply if the concentration of their carbon source is below about 1.0 ng/ml (12) , and tests with bacteria in culture are in agreement with this view (6, 7, 11 (14) found that acclimation occurred in natural waters containing sediment only if the p-nitrophenol level was above 10 ng/ml. The latter threshold is in line with those proposed for growth.
